Extraction of extracellular polymeric substances (EPS) from Acidiphilium 3.2Sup(5) was investigated using five methods: EDTA, NaOH, ion exchange resin, heating and centrifugation.
INTRODUCTION
Extracellular polymeric substances (EPS) are produced by biological processes and participate in the formation of microbial consortia. Its origin is related to processes involving active secretion, shedding of cell surface material, cell lysis and adsorption from the environment. Its composition mainly depends on the type of ecosystem where microorganisms grow, with the major constituents being carbohydrates and proteins, and the minor constituents nucleic acids, uronic acids and humic substances (Wingender et al. 1999) .
A difficult task in the analysis of EPS is that related to its extraction from microbial consortia. There is not a standard extraction protocol for EPS but a wide variety of methods based on physical or chemical principles or a combination of both. The extraction methods include among others: ion exchange resins (Frö lund et al. 1996) , EDTA (Sheng et al. 2005) , centrifugation (Liu & Fang 2002) , heating (Comte et al. 2006 ) and NaOH (Brown & Lester 1980) . Unfortunately, the results published are sometimes contradictory regarding the base units given. For that reason, replication of results is difficult and there is not an established protocol able to assure a high extraction and purity of the EPS obtained (Liu & Fang 2002; Comte et al. 2006) . In fact, the amount and chemical composition of EPS extracted are different as a function of the extraction method used, even for similar bacterial cultures and experimental conditions. Differences up to 100 times in the amount of EPS obtained have been reported (Brown & Lester 1980) . In addition, the extraction methods largely significant differences in the amount of the different polymeric substances determined. Furthermore, those methods also affect both structure and functional groups of EPS (Schmitt & Flemming 1998) .
In the present work, the heterotrophic bacteria been studied in detail due to its ability to transfer electrons directly to carbon electrodes in aerobic conditions (Malki et al. 2008) , unlike most microorganisms studied which are strictly anaerobic (Bond & Lovley 2003) . That particular capability makes this type of bacterial strains potentially attractive for its possible use in microbial fuel cells (MFC's) in order to obtain electric power under environmental conditions, such as from organic residues. In this way, this study is an attempt to provide insights into its potential applicability through the determination of key operational parameters in MFC's.
The mechanism of electron transfer from the oxidant to the electrode has not been elucidated yet, but it has been attributed, among others, to the action of pili (Reguera et al. 2005 ) and direct surface contact (Chaudhuri & Lovley 2003 ). An important and scarcely studied aspect of this phenomenon is the role played by EPS during electron transfer, bacterial attachment and crystalline surface nucleation. Such study should consider in first instance the extraction of large amounts of those substances but with a low degree of contamination by intracellular substances or reagents used during extraction.
This work evaluates the efficiency of five methods to extract EPS from pure bacterial cultures of A. 3.2Sup(5):
centrifugation, EDTA, NaOH, heating and ion exchange resin. The amount and composition of EPS extracted are compared. The degree of cellular lysis and disruption provoked by the extraction was estimated from the protein/carbohydrate ratio of the EPS extracted and from the UV -Vis spectra of bacterial cultures before and after extraction. EPS was characterized by quantification of the content of proteins and carbohydrates, its structure by Fourier transform infrared spectroscopy (FT-IR), and its morphology and surface attachment by electron transmission microscopy (TEM) and field emission scanning electron microscopy (FE-SEM).
MATERIALS AND METHODS

Bacterial growth
The growth of bacterial cultures of A. 3.2Sup(5) was achieved aerobically in a liquid medium, at pH 2.5, stirred at 150 rpm and at 308C, with or without the addition of a solid substrate as support. The nutrient medium used was similar to that employed during the isolation and charac- Two different solid supports were used: carbon fibre cloth and graphite rods. The carbon fibre cloth was added to the bacterial culture as disks of 2 cm of radius and 1 cm of thickness. The characteristic of that material was its high specific surface, which increased the probability of bacterial attachment and, thus, the electron transfer taking into account the possibility of its utility as electrode of a microbial fuel cell. On the other hand, graphite was added as rods of 1 cm of diameter and 1 cm of height, presenting a significant surface rugosity. That can be a relevant factor since bacteria tend to adhere preferentially to surface imperfections (Ghauri et al. 2007 ).
EPS extraction
EPS were extracted from bacterial cultures using five different methods: EDTA, NaOH, ion exchange resin, heating and centrifugation. Centrifugation was used as control method in order to elucidate the reference amount of carbohydrates and proteins in each culture. In this case, the experimental procedure was as follows: 40 mL of bacterial culture were centrifuged at 14,000 rpm Figure 1 shows a flow scheme of the methods described above.
EPS characterization
Proteins and carbohydrates were determined photocolorimetrically using an UV -Vis spectrophotometer (Biochrom Libra S11). The amount of proteins in fine EPS was determined by the method of Lowry (Lowry et al. 1951) , using bovine serum albumin (BSA) as standard compound (Sigma-Aldrich) and measuring absorbance at 750 nm. The amount of carbohydrates was determined by the anthrone method (Trevelyan et al. 1952) , using glucose (Panreac) as standard and a wavelength of 660 nm.
IR and UV -Vis spectroscopy
Two milligrams of freeze-dried EPS (24 h at 2568C, Labconco SciLab) solution was mixed with 300 mg of KBr (Panreac) and compacted to form a pellet. The infrared (IR) spectra were then obtained using a spectrum Nicolet Magna 750, at 4 cm 21 resolution. The ultraviolet visible (UV -Vis) spectrum of bacterial culture samples before and after the extraction of EPS was measured between 325 and 825 nm, using a Biochrom Libra S11 spectrophotometer and aliquots of 4 mL.
FE-SEM and TEM microscopy
FE-SEM microscopy was performed in a JEOL JSM-6330 F microscope, using samples treated by progressive dehydration with acetone (Panreac). Then, the solid support was covered with a conductor film of graphite. TEM microscopy was carried out in a JEOL JSM 6430 T microscope on bacterial cells stained with uranyl acetate 2% per 30 min.
RESULTS AND DISCUSSION
Bacterial growth
The bacterium studied showed an exponential growth during the first three days and after that a plateau was reached. Under all culture conditions tested, the bacterium A. 3.2Sup(5) achieved maximum bacterial populations between 3 and 10 days, ranging between 1.28 £ 10 9 and 1.50 £ 10 9 cells/mL. In addition, the acidity of the culture was kept approximately constant around the starting pH value (pH 2.5). Similarly, bacterial cultures of the pure strain were grown in the presence of solid supports (carbon fibre cloth and graphite rods). In this case, the parameters measured were basically similar to those followed in tests without solid support. 
UV-Vis spectroscopy and density of bacterial culture
For each method, the degree of bacterial lysis was evaluated comparing the cell concentration before and after EPS extraction by measuring the turbidity of the cultures by UV-Vis spectrocopy and active cells enumerations by optical microscopy. Figure 4 depicts the UV-Vis spectra of Acidiphilium 3.2Sup(5) cultures before and after EPS extraction by EDTA, centrifugation, NaOH and heating. Table 1 ). The lower absorbance observed after NaOH extraction would be a consequence of the acidity change of the medium that would have affected the structural stability of cell membrane provoking a strong cellular disruption (see Table 2 ). Sheng et al. have reported similar results for the EPS extraction with NaOH from bacterial cultures of Rhodopseudomonas acidophila (see Table 1 ) (Sheng et al. 2005) .
Unlike in previous cases, the spectra of bacterial cultures extracted with EDTA and by heating were practically identical to the untreated culture. In spite of that, Table 2 shows that the extraction by heating provoked a significant decline in the bacterial cell population related to cell lysis phenomena. Hence, in this case, the optical density would be associated to both cells remaining in the bulk solution and polymeric substances extracted. By contrast, after extraction with EDTA the number of cells in the culture remained almost constant (Table 2) . That suggests that this treatment had an insignificant effect on cell concentration and cellular lysis can be discarded.
Attachment of bacteria Acidiphilium 3.2Sup(5) on carbon supports
Another interesting aspect of the process would be to obtain knowledge about the evolution of the biofilm formation and the impact on them of extracellular substances excreted by bacteria. For that, FE-SEM scanning electron microscopy was performed on carbon solid supports (carbon fibre cloth and graphite rods) previously in contact with cells of Density culture without extraction (cells/mL) ¼ 2.36E þ 09. Again, the higher cellular density took place preferentially into the space between fibres. It is obvious the formation of EPS networks, with a gel-type aspect as referred by (Wingender et al. 1999) . Those substances are shown in detail in Figure 5 (upper) and would confirm the preferential attachment of cells to interstices between microfibres through the formation of EPS, which serve as anchorage sites for cells. 
CONCLUSIONS
The extraction of extracellular polymeric substances, EPS, both amount and chemical composition, was clearly affected by the method used. The methodology able to obtain the highest extraction and a lower intracellular contamination was the treatment with EDTA (2%) for 3 h and at 48C, using a dose of de 3.2 g/g-DW. Unlikely, the presence of solid supports substantially modified the extraction of EPS in terms of both, amount, being lower for the supports and growth times evaluated, and composition, since in all cases the amount of proteins increased. That is an indication that, in such conditions, the degree of cellular lysis increased. 
